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Abstract Text: Many electrochemical studies exist using the acidic ionomer Nafion® as a 
binder in the ink formulation when operating in high pH systems. However, Nafion® acts as 
an ionic insulator for OH-, and for reactions such as the hydrogen oxidation reaction, the 
transport of OH- to the catalyst surface is of utmost importance when elucidating the 
performance of a catalyst. This work demonstrates that when using an alkaline polymer 
binder in the ink, the apparent activity of a commercially synthesised Pt/C catalyst is 
increased due to a lower diffusion resistance for the reaction. In order to obtain accurate 
values for kinetic data in alkaline media, the use of the acidic binder should be avoided. 
 
Introduction  
Fuel cells are seen as a transformative technology that could facilitate the move away from 
the reliance on fossil fuels, particularly for automotive applications; however, they presently 
suffer from cost and durability issues. One route to cost reduction in fuel cells is the alkaline 
anion exchange membrane fuel cell (AAEM FC) [1-15]. As opposed to the more established 
proton exchange membrane fuel cell (PEMFC) that employs a proton conducting polymer as 
the electrolyte, AAEMs allow conduction of hydroxide anions through a polymer electrolyte. 
The oxygen reduction reaction (ORR) at the cathode of the fuel cell has superior kinetics in 
alkaline media compared with the sluggish reaction in acid, thus allowing the use of non-
noble metal catalysts in place of the Pt-based materials most commonly used in PEM fuel 
cells [16-24]. However, the hydrogen oxidation reaction (HOR), which is extremely facile in 
acid and allows ultra-low loadings of catalyst on the anode of PEMFCs, is an order of 
magnitude slower in alkaline than in acid [20, 25, 26]. Catalyst development for the anode is 
an often overlooked aspect of PEMFC research, but is a vital area of improvement if AAEM 
fuel cells are to emerge as a valid alternative to the state-of-the-art PEMFCs [12, 27].  
One of the most widely used tools for assessing the activity of fuel cell catalysts is the 
rotating disk electrode (RDE), wherein an electrode is created from deposition of a catalyst-
containing ink on a glassy carbon surface and rotated in an electrolyte solution containing the 
dissolved gas of interest (hydrogen for the HOR) [28-34]. Varying the rotation rate of the 
electrode changes the thickness of the static hydrodynamic diffusion-layer at the surface, and 
thus the diffusion rate of the reactant to the catalyst. This allows separation of the kinetic and 
diffusion controlled currents via the Koutecky-Levich equation [35] and, therefore, 
calculation of the exchange current density, a key indicator of the performance of a catalyst 
[30, 34-37]. Many experimental factors can mask the true kinetic performance of a catalyst in 
RDE studies, and so creation of a high quality and reproducible electrode that best represents 
the conditions experienced in the fuel cell environment is of paramount importance [28, 38, 
39].  
Although the proton-conducting polymers act as a barrier to diffusion of hydroxide in 
alkaline media, many of the studies in literature employ Nafion®, or similar acidic ionomers, 
in the electrodes [40-50]. A small number of studies exist where the electrode is made from 
an ink containing no binder [20, 25, 51] or an alkaline anion ionomer binder [52-54]; 
however, the effect of the lack of ionomer is not generally commented upon. To the authors’ 
knowledge, only one study has compared the use of an alkaline binder to that of Nafion®, but 
the focus of this work was in determining the blocking effect of organic cations and 
comparing an in-house alkaline ionomer with a commercial one (AS-4, Tokuyama 
corporation) [55]. The detrimental effect of Nafion® on the HOR in alkaline is shown, but not 
emphasised and many studies have continued to use Nafion® as a binder since. The results 
presented in this paper will show the importance of using a hydroxide conducting ionomer in 
the ink formulation, both as a binder and as a way of more closely mimicking the catalyst 
layer in an operating AAEM fuel cell, and highlight the need to move away from Nafion® as 
a binder in alkaline RDE studies. 
 
Experimental 
 A commercial Pt/C catalyst (Alfa Aesar, 39.25 %wt) was used to create two inks; one 
containing a proton conducting ionomer (Nafion®) and one a hydroxide conducting ionomer 
(AS-4, Tokuyama corporation), denoted Pt/C-H+ and Pt/C-OH-, respectively. Though the 
cationic ionomer Nafion® is in its proton form as received and when the ink is made, it will 
ion exchange to the potassium form when submerged in the KOH (aq) electrolyte and therefore 
the notation Pt/C-H+ is not meant to represent the form of the electrode during experiments, 
but simply to differentiate this electrode from the one containing the anion exchange polymer 
ionomer. 7 mg of catalyst was mixed with a volume of ionomer solution such that the mass of 
solid ionomer is 80% of that of the carbon in the catalyst, and 1 ml of acetone followed by 
9 ml of propanol was added to produce an ink with a density of around 1.4 mgPt ml
-1. The 
manufacturer provided density of the ionomer solutions is similar, and stated to be 0.94 g/ml 
(AS-4) and 0.924 g/ml (Nafion®), and both electrodes (to two decimal places) have the same 
estimated thickness of 0.45 μm. The inks were sonicated for ca. two hours then deposited 
with a micropipette onto a polished glassy carbon electrode, creating a metal loading of 
35 μg cm-2. In order to characterise the quality of the electrode layer, the electrodes were 
imaged in an SEM (EVO MA 10, Carl Zeiss, USA).  
A PTFE electrochemical cell (manufactured to the specifications outlined by Mayrhofer et 
al. [56]) was filled with 0.1 M KOH(aq) and deaerated by bubbling nitrogen for 20 minutes 
before taking cyclic voltammograms (CVs). Subsequently, the electrolyte was saturated with 
hydrogen gas for one hour before linear sweep voltammetry (LSV) at rotation rates of 400, 
600, 900, 1200 and 1600 rpm to measure the HOR kinetics. A reversible hydrogen electrode 
(RHE, Gaskatel) was used as a reference and Pt mesh as the counter electrode. 
Electrochemical impedance spectroscopy (EIS) was carried out in potentiostatic mode at 
0.025 V vs RHE and 1600 rpm in a H2 saturated electrolyte over a frequency range of 0.1 Hz 
to 100 kHz with an amplitude of 10 mV. ZView software (Scribner) was used to model and fit 
the equivalent circuits.  
Though anion exchange membranes can suffer degradation at elevated temperatures in the 
presence of hydroxide [57], Nafion® shows good stability at high pH [58]. All experiments 
were conducted in under two hours and at room temperature to eliminate the effect of 
degradation of the ionomer. 
 
Results and Discussion 
Figure 1 shows SEM images of the electrode layers deposited on the RDE electrodes. Though 
there are areas of inhomogeneity for both electrodes, in general there are large areas of 
agglomerated catalyst for the Pt/C-OH- electrode, confirming the general trend that has been 
observed by the authors that the Pt/C-OH- electrodes consistently produced a poorer electrode 
layer than the Pt/C-H+ electrodes, with visible areas of agglomeration to the eye. The higher 
magnified views (Figure 1c and d) show the typical form of the structure of inhomogeneity in 
the electrodes, with Pt/C-H+ showing a porous ‘wave-like’ patterning and Pt/C-OH- with 
large amounts of catalyst material agglomerating in clusters.  
TEM, not shown here, indicated no discernible difference to the catalyst structure on addition 
of either ionomer as a binder, and so it can be assumed that any differences in performance of 
the Pt/C-H+ and Pt/C-OH- electrodes cannot be due to the Pt/C catalyst structure being 
fundamentally affected by the ionomer.  
 
Figure 2a shows the CVs of Pt/C in 0.1 M KOH(aq) for both the Nafion
® containing electrode 
(grey) and the alkaline ionomer containing electrode (black). Both electrodes display the 
characteristic hydrogen adsorption/desorption peaks at low potentials and oxide 
formation/removal peaks at higher potentials.  
The hydrogen desorption area, after subtraction of the double-layer capacitance, was used to 
calculate the electrochemical surface-area (ECSA) of each electrode, in accordance with a 
common method in the literature [59]. In order to minimise the human error involved, this 
process was repeated five times for each electrode and yielded average ECSAs of 33.7 m2g-1 
(σ 1.9) and 29.7 m2g-1 (σ = 2.4) for the Pt/C-OH- and Pt/C-H+ electrodes, respectively. Given 
that both electrodes were made using the same catalyst, this suggests that the acidic polymer 
has a blocking effect on the surface of the catalyst, giving artificially lower ECSA than when 
combined with an alkaline ionomer in alkaline electrolyte.  
 
Figure 2b shows the LSVs for HOR on the two electrodes at 1600 rpm. Control of the 
rotation rate allows separation of the kinetic and diffusion controlled contributions to the 
overall current by controlling the thickness of the Levich layer. The characteristic shape of 
the LSV curves shows the reaction becoming diffusion limited at higher polarisations, with 
the limiting currents being proportional to the inverse square root of rotation rate [60]. The 
limiting current is also dependent on the number of available reaction sites, which is why the 
Pt/C-OH- electrode, suffering from the aforementioned agglomeration issues, plateaus at a 
lower current; for the same catalyst loading and geometric area, the agglomeration means 
fewer of the reaction sites are available for Pt/C-OH- than for Pt/C-H+. 
The exact mechanism of HOR on Pt remains under debate; however, it is thought to proceed 
under a combination of the Tafel/Heyrovsky and Volmer reactions [20]. As OH− is a reactant 
in these mechanisms, the ability for hydroxide to access the triple phase boundary is 
important for the rate of reaction. Ionomer coats the surface of the catalyst in these electrodes 
and thus mass transport of hydroxide through the ionomer is required for reaction – mass 
transport that is separate to the rotation rate dependant mass transport of H2 through the 
Levich layer. Because of this, the two electrodes display different reactivity for the HOR, 
despite consisting of the same catalyst under the same rotation rate. At lower polarisation the 
gradient of the curve is steeper for Pt/C-OH-, indicating a better kinetic performance. This is 
due to the greater restriction of mass transport of hydroxide ions through the acidic ionomer, 
masking the inherent activity of the Pt/C catalyst.  
In order to extract the kinetic currents from the LSVs, data are collected at multiple rotation 
rates for each electrode (Figure 3a, b) and the Koutecky-Levich equation (Equation 1) is used 
to generate Koutecky-Levich plots of  
1
𝑖
 𝑣𝑠 
1
𝜔
1
2⁄
 at five potentials between 0.025 - 0.125 V 
(Figure 3c, d).  
 
1
𝑖
=
1
𝑖𝑘
+
1
𝑖𝑑
=
1
𝑖𝑘
+
1
𝐵𝑐0𝜔
1
2
 Equation 1 
The plots yield intercepts of 
1
𝑖𝑘
, and therefore the kinetic currents, for each potential point. 
That is, extrapolating the current at a theoretical infinite rotation rate removes all restriction 
from the diffusion limitation and gives a purely kinetic current which is defined by the 
heterogeneous rate constant for the reaction, 𝑘𝑓 (forward reaction): 
 𝑖𝑘 = 𝑛𝐹𝐴𝑘𝑓𝐶 Equation 2 
The potential range for the Koutecky-Levich plots was chosen as it represents the parts of the 
curve in Figure 3 (a, b) where the trend is neither linear nor in the diffusion-limited region, 
i.e. there is both a kinetic and diffusion contribution to the overall current density. The area of 
mixed control exists over a relatively large region of overpotential compared to what is 
typically found in acid electrolyte, meaning Koutecky-Levich analysis is valid for alkaline 
HOR but not acid HOR [20, 31, 61].  
 
 
The kinetic currents are then normalised for mass activity (Figure 4a) and specific activity 
(Figure 4b), in accordance with the method of Garsany et al. [38]. At every potential Pt/C-
OH- exhibits greater kinetic currents than Pt/C-H+. Given the catalyst used in both is the 
same, this shows that use of acidic ionomer in alkaline RDE studies masks the true activity of 
the catalyst, which could lead to errors in reporting of catalyst performance.  
A Tafel analysis of the kinetic current was also conducted in order to extract the exchange 
current density (𝑗0) of the electrodes. The linear region of a plot of log current density vs 
potential (Figure 4c) has a gradient of  
1
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 and an intercept of log 𝑗0 allowing 
calculation of 𝑗0 and the charge transfer coefficient (𝛼). Tafel analysis yields 𝑗0 values of 
2.99 and 2.01 mA cm-2, and 𝛼𝑛 values of 0.53 and 0.43 for Pt/C-OH- and Pt/C-H+, 
respectively, again highlighting that the use of acidic ionomer gives deceptively low 
indication of activity. Indeed, given the agglomeration seen in the Pt/C-OH- electrodes 
(Figure 1), the repression of true activity and kinetic performance of catalysts tested using 
proton conducting ionomer may be even starker than shown in these results. These results do, 
however, give an indication of the performance in an operating fuel cell environment as they 
use the commercially available ionomers as constituents of the RDE inks. 
 In order to further elucidate the effect of Nafion® on the apparent electrochemistry of 
catalysts, EIS was carried out on the electrodes to deconvolute the resistances to charge 
transfer (RCT) and diffusion (RD). The data and equivalent circuit fits are shown in Figure 5a 
and the fit was obtained using the modified Randles circuit shown in Figure 5b and good fits 
to the data were obtained in both cases. The data in Figure 5a show finite diffusion behaviour, 
as would be expected for a RDE experiment, and thus the bounded transmissive Warburg 
element (represented by ‘W’) was used in the EIS fit in order to obtain the RD values. Figure 
5c shows the values for RCT (diagonal pattern) and RD (hash pattern) for the Pt/C-OH
- (black) 
and Pt/C-H+ (grey) electrodes. RD is significantly higher for the Nafion
® based electrodes due 
to the higher resistance to diffusion of hydroxide ions through the cationic ionomer than for 
the anionic exchange ionomer. The RCT values for Pt/C-OH
- and Pt/C-H+ are similar, 
indicating that the poorer performance of the latter catalyst in alkaline electrolyte is mainly 
due to higher mass transport resistances in the electrode (as would be expected for the 
commercially prepared catalyst).  
 
Though overall performance of the catalyst is dependent on the total impedance of the whole 
system, conducting EIS can be a useful diagnostic step to help ascertain the quality of the 
prepared electrode (affecting RD) and therefore separate the inherent activity of the catalyst 
(RCT) from any systematic or experimental artefacts that might give a lower activity in Tafel 
analysis. As with all RDE experiments, it is not possible to obtain an activity greater than the 
actual activity of the catalyst and therefore as much care as possible should be taken to 
prepare a good quality electrode in a clean cell so as to minimize any effects that mask the 
true performance of the catalyst. The importance of using an alkaline exchange ionomer 
binder in place of Nafion® for alkaline experiments is again highlighted by these data.  
         
Summary 
This study demonstrates, for the first time, that the use of acidic ionomer in electrode 
preparation for alkaline HOR RDE analysis gives a falsely low estimate of the activity of a 
commercially available Pt/C electrocatalyst. Though electrode layers can be made without the 
use of an ionomer binder, inclusion of it in the electrode more closely represents the 
conditions experienced in a fuel cell membrane electrode assembly, and it is therefore 
recommended in comparative studies of fuel cell electrocatalyst performance. When 
including an ionomer in the electrode, it is imperative that an alkaline anion exchange 
ionomer is used for experiments conducted in alkaline electrolytes. 
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Figure 1 SEM images of the RDE electrode surfaces of the Pt/C-H+ (a, c) and Pt/C-OH- 
(b, d) surfaces. 
 
 
 
Figure 2 CVs (a) and LSVs (b) of Pt/C-OH- (black) and Pt/C-H+ (grey) obtained in 0.1 
M KOH(aq) electrolyte. CV (a) scanned from 0.05-1.2 V vs RHE at 20 mV s-1 and in 
deaerated electrolyte with no rotation. LSVs of the HOR (b) were obtained at 5 mV s-1 
from -0.025-0.4 V vs RHE in H2 (g) saturated electrolyte at 1600 rpm. 
 Figure 3 LSVs of the HOR on Pt/C-OH- (a) and Pt/C-H+ (b) electrodes, obtained at 5 
mV s-1 scan rate from -0.025-0.4 V vs RHE in a H2 (g) saturated 0.1 M KOH (aq) 
electrolyte at electrode rotation rates 400-1600 rpm. Corresponding Koutecky-Levich 
plots are created from the LSVs in accordance with Equation 1 at five different 
polarisations between 0.025-0.15 V for Pt/C-OH- (c) and Pt/C-H+ (d) 
 Figure 4 Kinetic currents (extracted from Koutecky-Levich analysis) for Pt/C-OH- 
(black filled squares) and Pt/C-H+ (grey hollow circles) electrodes normalised to both 
the mass loading (a) and ECSA (b) of the catalyst and Tafel plot of kinetic currents (c). 
 Figure 5. EIS of the two electrodes (a) showing the data for Pt/C-OH- (black squares) 
and Pt/C-H+ (grey circles) at 0.025 V vs RHE, 1600 rpm rotation rate and in a H2 
saturated 0.1 M KOH(aq) electrolyte, and the equivalent circuit fits (corresponding lines) 
obtained using a modified Randles circuit (b). Values obtained from the fit are shown (c) 
for RCT (diagonal pattern) and RD (hash pattern) for the Pt/C-OH- (black) and Pt/C-H+ 
(grey) electrodes. 
 
